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Abstract: The corrosion behavior and mechanism of hot-dip galvanized steel and interstitial-free (IF) substrate with alkaline mud 
adhesion were investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD), electrochemical impedance spectros-
copy (EIS), and linear polarization. The results show that non-uniform corrosion occurs on the galvanized steel and IF substrate dur-
ing 250 h with the mud adhesion. The corrosion products on the galvanized steel are very loose and porous, which are mainly ZnO, 
Zn5(OH)8Cl2·H2O and Zn(OH)2, and Fe-Zn alloy layer with a lower corrosion rate is exposed on the galvanized steel surface; how-
ever, the corrosion products on IF substrate are considerably harder and denser, whose compositions of rust are mainly FeOOH and 
Fe3O4, and several pits appear on their surface. The results of continuous EIS and linear polarization measurements exhibit a corro-
sion mechanism, that is, under activation control, the charge transfer resistances present different tendencies between the galvanized 
steel and IF substrate; in addition, the evolution of linear polarization resistances is similar to that of charge transfer resistances. The 
higher contents of dissolved oxygen and Cl− ions in the mud play an important role in accelerating the corrosion. 
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1. Introduction 

The hot-dip galvanized coating displays superior 
inherent corrosion protection. Numerous researches 
have been carried out on the corrosion behavior and 
mechanism of the galvanized steel in atmosphere and 
NaCl solution [1-4]. Furthermore, Romanoff et al. [5] 
tried to perform some experiments in soil. However, 
there are few discussions on the corrosion behavior of 
the galvanized steel with the mud adhesion. When an 
automobile runs on the road, the splash and deposition 
of the snowmelt salt and mud frequently occur on the 
surface of the automotive sheet. If not cleaned in time, 
some corrosion types, such as general corrosion, crev-
ice corrosion, pitting corrosion, and galvanic corrosion, 
and so on, often occur. Generally, these details are 
difficult to discover and can result in serious corrosion 
on the automotive sheet. This is because the corrosion 
with the mud adhesion is very complicated and is dif-
ferent from ordinary electrolyte characteristics. Based 

on the analysis, this article presented the proposed re-
search carried out on the local corrosion behavior and 
mechanism of the automotive galvanized steel sheet 
made in China, mainly using adhesion corrosion tests 
of the mud which was made in typical Ku’erle desert 
and saline soil. In addition, electrochemical imped-
ance spectroscopy (EIS) and linear polarization were 
used for in-situ determining the corrosion rate of the 
galvanized steel sheet and interstitial-free (IF) sub-
strate. 

2. Experimental  

2.1. Preparation of the sample and medium  

Specimens were prepared from an automotive 
hot-dip galvanized steel sheet of 0.7 mm in thickness 
with a 75 g·m−2 zinc (0.15wt% Al) coating made in 
China by cutting specimens into a small plate with the 
dimension 30 mm×30 mm. The galvanized plates 
were not chemically treated. A small pore was made 
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in a corner of the sample, and an insulated wire with 
the skinning of 10 mm in length crossed the hole with 
an exact fit to the sample, which was sealed with a 
fluid sealant. Finally, the conducting state between 

them was ensured. The primitive surfaces of the sam-
ples were adopted after cleaning. 

The underlying substrate of the galvanized steel 
was IF steel, and its composition is shown in Table 1. 

                    Table 1.  Chemical composition of the substrate of galvanized steel sheets                   wt% 

C Si Mn P S Cu Ni Cr Sn Nb V Al Ti Fe
0.0028 0.0100 0.1400 0.012 0.0062 0.0200 0.0100 0.0100 0.0020 0.0010 0.0010 0.0390 0.0410 Bal.

 
The hot-dip galvanized steel sheet with an average 

coating thickness of 16 µm was used as the experi-
mental material. Fig. 1 shows the scanning electron 
microscopy (SEM) photograph and energy dispersive 
spectrometer (EDS) results of the cross section of the 

samples. It could be seen that the coating layers were 
composed of two phases, η phase (Zn) and ξ phase 
(FeZn13), and the alloy layers were found to contain a 
small amount of Al. 

   
Fig. 1.  SEM photograph and EDS results of the cross section of the sample.

The test mud was made of Ku’erle soil with high 
content of sand, its main physical and chemical data 
are shown in Table 2. This kind of soil was dried 
naturally, filtered with a 20 mesh sieve, and then dried 

at 105°C in an oven (6 h); after cooling, the soil with 
adding the de-ionized water was stirred to mix well to 
make the Ku’erle mud with 15wt% content water. 
This mud had good viscosity and no water exudation. 

Table 2.  Main physical and chemical data of the Ku’erle soil 

Chemical composition / wt% 
Cl− 3NO −  2

4SO −  Ca2+ Mg2+ K+ Na+ 
Electrical conductivity / (mS·cm−1) pH

0.1521 0.0091 0.2446 0.0910 0.0022 0.0041 0.1100 2.000 9.10
 

2.2. Test methods  

The mud adhesion method was operated as the fol-
lowing: the galvanized steel specimen was kept hori-
zontally and positioned in a container as illustrated in 
Fig. 2. The mud of 10 mm in thickness was covered 
on the surface of the steel and dried at 30°C with a 
relative humidity (RH) of 50%. The period of each 
experimental test was set to be 250 h and the sampling 
time was 24, 60, 100, 150, 200, and 250 h, respec-
tively. The weights of the specimen and mud were 
regularly measured to ensure that they remained con-
stant. Otherwise, de-ionized water was added to bal-
ance the evaporation of water from the mud. The 
samples with the mud adhesion up to 250 h were taken 
for SEM observation and X-ray diffraction (XRD) 
analysis of corrosion products.  

The samples after corrosion for various sampling 
time intervals were taken for EIS and linear polariza-

tion measurements. All measurements were performed 
at a stable open-circuit potential (OCP) of the system 
using EG&G PARSTAT 2273 electrochemical system. 
EIS measurements were conducted at OCP with a 10 
mV/(rms) signal amplitude and the number of points 
was 40. The frequency range covered was from 100 
kHz to 10 mHz. The experimental results were inter-
preted on the basis of an equivalent circuit determined 
using a suitable fitting procedure described in ZWin-
Simp program (impedance data analysis system). The 
measurement extent of linear polarization was −10 
mV to +10 mV at OCP. 

3. Results  

3.1. Macro-morphology features 

The corrosion processes of the automotive galva-
nized steel and substrate changed differently under the 
adhesion of the Ku’erle mud. The macro-photographs 
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in different sampling time intervals are shown in Fig. 
3 after cleaning the mud. 

It can be seen from Fig. 3 that the surfaces of the 
galvanized steel sheet were tarnished and showed dif-
ferent patterns, and the corrosion was non-uniform for 
24 h; with the adhesion time increasing, white prod-
ucts were produced, the color of the surface became 
murky gray, and the color differences reduced, and 

then, several gray-blue surfaces came out for 250 h. 

 
Fig. 2.  Schematic of the electrochemical test under the 
mud adhesion.  

 
Fig. 3.  Macro-photographs of the galvanized steel sheet (in upper row) and substrate (in nether row) for different time in-
tervals of mud adhesion: (a) 24 h; (b) 60 h; (c) 100 h; (d) 150 h; (e) 200 h; (f) 250 h.

Equally, non-uniform corrosion occurred on the 
surface of the IF substrate. In the beginning of mud 
adhesion, very small amount of green rust was pro-
duced, which turned into yellow rust immediately; and 
then some red rust covered the surface. With time, 
more and more of the black rust was produced below 
the red rust. 
3.2. SEM observation  

Fig. 4 shows the SEM results of the several cor-
roded samples with Ku’erle mud adhesion for 250 h. It 
was obvious that the products on the galvanized steel 
sheet were very porous (Fig. 4(a)), on which there 
were several needle-like products and they grew 
forming islands as the adhesion time increased. These 
crystals were believed to be Zn5(OH)8Cl2·H2O [6]; the 
products on the substrate were firm and compact (Fig. 
4(b)); the gray-blue Fe-Zn alloy layer was exposed 
when the pure zinc almost disappeared (Fig. 4(c)); and 
several corrosion pits were produced on the substrate 
surface (Fig. 4(d)). 

3.3. EIS measurements  
Fig. 5 shows the EIS diagrams of various samples 

of the galvanized steel sheet and IF substrate with 
mud adhesion at different time intervals, which in-
cludes Nyquist plots (a) and (c), and Bode plots (b) 
and (d). In Nyquist plots, x-axis is the real parts of 
impedance ZRe, and y-axis is the imaginary part of 
impedance ZIm. In Bode plots, x-axis is the frequency 
of sine waves, and y-axis is the phase angles of im-

pedance (Z).  

It was obvious that the EIS results showed different 
evolutions. With regard to the galvanized steel sheet, 
the diameters of capacitive arcs first increased, then 
decreased, and expanded at last, and those of the IF 
substrate increased gradually before 200 h, and then 
decreased at 250 h. Two peaks were revealed obvi-
ously at both high and low frequencies in Bode-Phase 
plots (Fig. 5(b)), that is, two time constants were in-
volved in the whole corrosion process of the galva-
nized steel sheet, and the phase shift angles of the IF 
substrate were in the high frequency domain and low 
frequency domain, respectively, and overlapped as a 
broadened peak [6]. It was possible that the EIS dia-
grams of galvanized steel sheet and IF substrate were 
all composed of two close time constants and over-
lapped some large capacitive arcs, and the diameters 
of capacitive arcs of the galvanized steel sheet were 
larger than those of the IF substrate in the same time. 

No oxygen diffusion control character appeared 
during the whole process with the adhesion of the 
Ku’erle mud up to 250 h, and the charge transfer 
process was the control step. The construction of rust 
layer could be described based on the present observa-
tions using the equivalent circuit in Fig. 6. Rs repre-
sents the electrolyte resistance, Cr represents the rust 
capacitance, Rr represents the rust resistance, Cdl 
represents the double-layer capacitance, and Rct 
represents the charge-transfer resistance.  
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Fig. 4.  SEM photomicrographs of the galvanized steel and substrate after Ku’erle mud adhesion up to 250 h: (a) corrosion 
products on the surface of the galvanized steel; (b) corrosion products on the surface of the IF substrate; (c) the surface of the 
galvanized steel after cleaning the products; (d) the surface of the IF substrate after cleaning the products. 

  

  
Fig. 5.  EIS plots of the galvanized steel sheet and IF substrate under the adhesion of the Ku’erle mud: (a) Nyquist plots of 
the galvanized steel sheet; (b) Bode-phase plots of the galvanized steel sheet; (c) Nyquist plots of the IF substrate; (d) 
Bode-phase plots of the IF substrate.

Figs. 7(a)-(b) showed the Rct and Rr of the described 
equivalent circuit. It was observed that Rct of the gal-
vanized steel sheet first increased, then decreased, and 
increased again, and that of the IF substrate increased 

before 200 h, and then decreased. On the other hand, 
the evolution of Rr of the galvanized steel sheet was 
similar to that of IF substrate, that is, it increased be-
fore 150 h, and then decreased.  
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Fig. 6.  Equivalent circuit used for fitting the impedance 
results of Fig. 5. 

 

 
Fig. 7.  Changes in charge transfer resistance and the re-
sistance of barrier layer in pitting area of the galvanized 
steel and IF substrate with mud adhesion time: (a) charge 
transfer resistance (Rct); (b) resistance of barrier layer (Rr) 
in pitting area. 

3.4. Linear polarization measurement  

Linear polarization measurements were carried out 
using the samples with different adhesion time inter-
vals, and the results are shown in Fig. 8. It can be seen 
that the evolution of polarization resistance (Rp) was 
similar to that of charge transfer resistance (Rct) of the 
galvanized steel sheet and IF substrate in Fig. 7, how-
ever, the polarization resistances were larger than the 
charge transfer resistances in the same time. 

3.5. XRD analysis of corrosion products 

The rust phases on the galvanized steel sheet and IF 
substrate were examined by in-situ XRD. Fig. 9 cor-
responds to samples after 250 h adhesion time. The 
results indicated that the main corrosion products of 
rust on the galvanized steel surface were ZnO, 

Zn5(OH)8Cl2·H2O, and Zn(OH)2 as shown in Fig. 9(a), 
and those on the IF substrate surface were FeOOH 
(outer layer) and Fe3O4 (inner layer) as shown in Fig. 
9(b). Also, EDS analysis presented in Fig. 10 showed 
that the ingredients of the grey-blue area were mainly 
composed of Fe-Zn alloy phase. 

 
Fig. 8.  Changes in the polarization resistance of the gal-
vanized steel sheet and IF substrate. 

 

 
Fig. 9.  In-situ XRD results after 250 h with mud adhesion: 
(a) galvanized steel; (b) IF substrate. 

4. Discussion 

4.1. EIS analysis  

With increasing mud adhesion time, the EIS of the 
galvanized steel sheet and IF substrate exhibited two 
partially overlapped depressed arcs. At high frequen-
cies, the time constant was associated with the integ-
rity, density, and thickness of the barrier layer. At low 
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frequencies, the time constant was related to the 
charge transfer behavior of the electrode interface. On 
the other hand, EIS possessed no diffusion control 
feature; this was because the content of the sand in 
Ku’erle soil was numerous and irregularly sized, 
therefore, it was easy for the oxygen to diffuse to the 
surface of the samples. 

 
Fig. 10.  EDS analysis results of the grey-blue area under 
the pure zinc layer of the galvanized steel. 

At the beginning of the corrosion process with the 
mud adhesion, the associated chemical reactions of 
corrosion would affect preferentially the lower poten-
tial position on the surface of the electrode interface, 
such as the surrounding of inclusions and the inside of 
pits. The uneven liquid thin film was formed easily 
because of the higher content of the sand, and the area 
with the thicker liquid film produced severe corrosion 
to result in pitting. 

Generally, accumulation formation of corrosion 
products can hinder further the reaction of the elec-
trode [7]. The fresh surface of the galvanized steel 
sheet has a quick corrosion rate because of the enough 
dissolved oxygen with mud adhesion, therefore, the 
Rct is smaller. With time, corrosion products together 
with mud on the surface of the galvanized steel sheet 
form a barrier layer to decrease the corrosion rate, and 
cause Rct to increase. Otherwise, the corrosion prod-
ucts are very porous and combined easily with mud, 
thus, they form some crevices together with the pene-
tration of Cl− ions to result in local corrosion. This 
makes the zinc coating to further dissolve when Rct 
reduces. After a long period, the amount of the corro-
sion products increase gradually, and the thickness of 
the barrier layer also increases in the meantime. In ad-
dition, when the zinc coatings almost corrode com-
pletely, Fe-Zn alloy layer comes up to be a protective 
layer to prevent the steel from further corrosion [8] 
leading to a higher Rct. 

Likewise, a non-uniform liquid film layer forms on 
the surface of the IF substrate with the mud adhesion 

to cause local corrosion. At the beginning of the cor-
rosion process, the corrosion rate is lower owing to the 
smaller surface roughness and denser organizational 
structure, therefore, Rct leads to a smaller increase. 
With the increase of mud adhesion time, the corrosion 
rate increases gradually, and the amount of corrosion 
products increases again in the same time. These 
products combine with mud and form a dense barrier 
layer to bring about Rct increase quickly. The rust 
layer is composed of inner layer and outer layer, and 
the latter is very fragile to separate from the former 
easily. Some crevices form to accelerate the corrosion, 
thus, the Rct value decreases. 

Corrosion products forming combined with mud on 
the surface of the galvanized steel sheet produce a 
special barrier layer, which results in rust and the re-
sistance Rr on the pitting area reaching a maximum at 
100 h. To a certain extent, this barrier layer separates 
from the galvanized steel to form some crevices and 
decreases the resistance of the barrier, and thus, the Rr 
value goes down gradually. The Rr evolution of the IF 
substrate is similar to that of the galvanized steel 
sheet. 

Moreover, a larger amount of corrosion products 
combined well with mud fill some gap in mud and 
formed a denser barrier layer. Comparatively speaking, 
the corrosion products of the IF substrate are harder 
and difficult to fill some gap, therefore, the Rr values 
are smaller than those of the galvanized steel in the 
same time. Using these two parameters, Rct and Rr, it 
is useful to explain the corrosion behavior electro-
chemically. 

4.2. Linear polarization analysis 

According to the results of Fig. 7(a) and Fig. 8, the 
evolution of Rp was similar to that of Rct and exhibited 
a good correlation. Moreover, the Rp values were all 
larger than the Rct values in the same time, respec-
tively. 

As well known, by definition of the polarization re-
sistance (Rp), Rp=(ZF)ω=0, where ZF is the faradaic im-
pedance. At the site where the left end of the capaci-
tive arc intersects with the real axis, that is to say, as 
ω→∞, ZRe=Rs; and at the site where the right end of 
the capacitive arc intersects with the real axis, EIS is 
decided by circuit Rs(Cr(Rr(CdlRct))). As ω=0,  

ZRe=Rs + Rp=Rs + Rct + Rr 

where ω is the angular frequency. Therefore, Rp>Rct. 
The Rp values obtained from linear polarization 

were the overall performance of the equivalent circuit. 
The increase of polarization resistance Rp or charge 
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transfer resistance Rct indicated the lower rate of re-
duction. Thus, the Rp values were very useful in com-
paring qualitatively the rate of the corrosion process.  

4.3. Corrosion mechanisms analysis 

During adhesion corrosion of the Ku’erle mud, lar-
ger content of the sand in this mud resulted in forming 
a non-uniform electrolyte liquid film. This caused 
oxygen-concentration cell corrosion easily. The local 
corrosion occurred on the surfaces of the galvanized 
steel sheet and IF substrate. Especially, Cl− ions in the 
mud not only accelerated the corrosion, but also took 
part in the reaction. 

The corrosion products and conductibility were in-
fluenced by the contents of the salt, components, and 
acidity and alkalinity in mud [4]. Ku’erle mud was 
alkaline and had a larger content of Cl− ions. These 
factors affected the corrosion rate and mechanisms. 

Zinc oxide (ZnO) formed easily on the zinc surface 
with the adhesion of alkaline mud, which further 
formed other corrosion products. Penetration of Cl− 
ions resulted in the corrosion rate increasing continu-
ally. Since mud had a lower fluidity, the corrosion 
products were difficult to be transferred in time. With 
the evolution of corrosion, the deposition weight of 
the corrosion products on the surface of the zinc coat-
ing increased gradually. In the meantime, insoluble 
zinc hydroxychloride (Zn5Cl2(OH)8·H2O) was pro-
duced, which reduced the corrosion rate. 

Cl− ions were one of the important factors of zinc 
and a zinc coating in some environments [9] and 
strong anodic activator. As Cl− ions adsorbed on some 
passive films, they destroyed high alkaline environ-
ment on the surface of the samples by means of local 
acidulation and reduced the pH value of the surface of 
the samples to dissolve the passive films. Then, the 
local corrosion was produced on the surface of the 
galvanized steel sheet and IF substrate under enough 
O2 and H2O. The electrochemical corrosion mecha-
nism was: after Cl− ions destroyed some of the passive 
films, the metal substrate appeared and acted as an 
anode, and others of the intact massive passive films 
acted as a cathode, therefore, they formed some acti-
vation-inactivation corrosion cells. Owing to the 
smaller anode vs. the larger cathode, this resulted in 
accelerating the pitting corrosion. 

With the electric current flowing, Cl− ions in the 
Ku’erle mud transferred to the pits and maintained the 
state of activation of the zinc surface in pits. On the 
other hand, the hydrolysis reaction of Cl− ions and 
acidity in the pits increased and promoted the pitting 
corrosion, and formed an autocatalysis process. 

Based on the above analysis, the corrosion reac-
tions of the galvanized steel sheets and IF substrates 
are expressed as the following equations with the ad-
hesion of the Ku’erle mud. 

The anodic reactions [10-11]: 

Zn → Zn2+ + 2e (1) 

Zn + 2OH− → ZnO + H2O + 2e (2) 

Zn + 4H2O → Zn(OH)2 + 2H3O+ + 2e (3) 

ZnO + Zn2+ + 2Cl− + 5H2O → Zn5Cl2(OH)8·H2O (4) 

The IF substrate first caused anodic dissolution 
with the mud adhesion and produced Fe2+, then turned 
into green rusts [12], and later developed into plenty 
of non-crystalline solids and a small amount of 
β-FeOOH and α-FeOOH. γ-FeOOH in rusts was 
transformed from β-FeOOH. The non-crystalline iron 
Fe2+ and Fe3+ oxide crystallized and turned into Fe3O4. 
In addition, β-FeOOH and γ-FeOOH produced Fe3O4 
by reduction reactions [13]. The anodic dissolution of 
iron was suppressed gradually by accumulating Fe3O4 
and α-FeOOH, which had a lower chemical activity. 

The corrosion reactions of the IF substrate are ex-
pressed as the following equations with the adhesion 
of the Ku’erle mud.  

The anodic reactions [14-16]: 

Fe → Fe2+ + 2e (5) 

Fe2+ + 2Cl− + 4H2O → FeCl2·4H2O (6) 

FeCl2·4H2O → Fe(OH)2 + 2Cl− + 2H+ + 2H2O (7) 

Fe2+ + 2OH− → Fe(OH)2 (8) 

4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3 (9) 

2[Fe·OH]+ + O2 + 2e → 2FeOOH (10) 

2[Fe·OH]+·nH2O + O2 + 2e → 2FeOOH·nH2O (11) 

2Fe(OH)3 → Fe2O3 + 3H2O (12) 

2Fe(OH)3 + Fe(OH)2 → Fe3O4 + 4H2O (13) 

γ-FeOOH → α-FeOOH (14) 

3FeOOH + e → Fe3O4 + H2O + OH− (15) 

The oxygen reduction was the cathodic reaction: 

O2 + 2H2O + 4e → 4OH− (16) 

According to the above analysis, it was obvious that 
the experimental results were in good agreement. On 
the other hand, the corrosion rate of the galvanized 
steel sheet was different from that of the IF substrate, 
and their corrosion mechanisms were very compli-
cated. Therefore, it was very necessary to further 
study the questions of the mud adhesion in more detail 



H. Zhang et al., Corrosion behavior and mechanism of the automotive hot-dip galvanized steel with … 421 

 

and depth. 

5. Conclusions  

(1) During the alkaline mud adhesion for 250 h, 
non-uniform corrosion is caused on the galvanized 
steel sheet and IF substrate. The corrosion products on 
the galvanized steel sheet are very loose and porous, 
and that of the IF substrate is harder and denser. Fe-Zn 
alloy layer is observed on some areas of the galva-
nized steel, which has a lower corrosion rate as com-
pared to a pure zinc coating, and several pits are ob-
served on the surface of the IF substrate.  

(2) The results obtained by continuous EIS meas-
urements for 250 h exhibit a corrosion mechanism, 
that is, under activation control. The evolution of 
charge transfer resistance of the galvanized steel in-
creases firstly, then decreases, and increases again; 
however, that of the IF substrate increases gradually to 
a maximum, and then decreases. On the other hand, 
the evolution of polarization resistances obtained by 
linear polarization measurements is similar to the re-
sults of charge transfer resistance by EIS measure-
ments. 

(3) With mud adhesion up to 250 h, the corrosion 
products of the galvanized steel are mainly ZnO, 
Zn5(OH)8Cl2·H2O, and Zn(OH)2, and those of the IF 
substrate are FeOOH (outer layer) and Fe3O4 (inner 
layer). 

(4) Enough dissolved oxygen and higher 
Cl− contents have to be taken into account while ex-
plaining the corrosion behavior for 250 h of the galva-
nized steel and IF substrate. 
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